The aim of this study was to determine the correlation between glucocorticoids (GCs) and insulin resistance (IR) in healthy individuals by conducting a systematic meta-analysis.
Background
Glucocorticoids (GCs) are steroid hormones synthesized by the adrenal cortex and stimulated to release after the hypothalamic-pituitary-adrenal axis is activated, and also play a predominant role in the maintenance of resting-and stress-related homeostasis [1, 2] . Except for their well-established influences on glucose metabolism, GCs are involved in nearly every cellular, molecular, and physiologic network of the body, and modulate broad aspects of physiologic functions, including cell survival, proliferation, reproduction, growth, cognition, and behavior, together with function of the central nervous system, immune system, and cardiovascular functions [3, 4] . GCs exert their functions through binding to their intracellular receptor, known as the glucocorticoid receptor (GR), which is a ligandinducible transcription factor that belongs to the nuclear receptor superfamily [5] . GCs are the most frequently prescribed class of anti-inflammatory drugs in treatment of chronic inflammatory diseases, such as rheumatoid arthritis, asthma, and inflammatory bowel disease, but the use of GCs as therapeutics is often restricted because of adverse effects [6] [7] [8] . The common adverse effects include hypertension, glucose intolerance, central adiposity, dyslipidemia, diabetes, insulin resistance (IR), and skeletal muscle wasting [9, 10] .
IR is correlated to multiple metabolic diseases, such as obesity, diabetes mellitus, and hypertension [11, 12] . IR is defined as a clinical state characterized by a decrease in sensitivity and responsiveness to insulin, and therefore a given concentration of insulin elicits a suboptimal biological effect [13] . IR is characterized by the diminished capacity for insulin to stimulate intracellular signaling in adipose tissue, the liver, and skeletal muscle [14] . Impaired insulin signaling in these tissues leads to depressed glucose uptake, insufficient suppression of hepatic glucose output, compensatory hyperinsulinemia, and dyslipidemia, which together constitute metabolic syndrome [15] [16] [17] . Furthermore, the biological effects of IR are tissue-specific [18] . In fat and muscle cells, IR results in reduced uptake of glucose leading to higher glucose levels in blood [19, 20] . In liver cells, the IR effects can be observed in reduced synthesis and storage of glycogen, and a failure to repress glucose production, which also results in glucose release into the blood [10] . In several reports, IR has been described as an important adverse effect of GCs [21] [22] [23] . However, in human subcutaneous adipose tissue, a study also reported that GCs had no influence on IR [24] . Therefore, we analyzed published studies to understand the correlation between GCs and IR in healthy individuals by performing a meta-analysis.
Material and Methods

Search strategy
To identify relevant published studies, a computerized search was conducted based on the English electronic databases PubMed, EBSCO, Ovid, SpringerLink, Wiley Online Library, Web of Science, and the search engine Google Scholar, as well as the Chinese databases Wanfang Data, China National Knowledge Infrastructure (CNKI), and VIP Information for peer-reviewed studies published until September 2014. Additionally, a manual search of English studies was performed through cross-reference checks of selected articles. The following subject terms and key words were utilized to maximize search sensitivity and specificity: glucocorticoids, glucocorticoid effect, inhaled corticosteroids (ICS), insulin resistance, and insulin sensitivity.
Selection criteria
Studies were selected if they met these criteria: (1) the study designs were randomized controlled trials (RCTs); (2) the study subjects were healthy individuals with normal glucose tolerance; (3) the intervention was achieved mainly by injection of normal saline or GC drugs; (4) the outcomes were changes in fasting plasma glucose (FPG), fasting insulin (FINS), and homeostasis model assessment of insulin resistance (HOMA-IR) for evaluation of GC effects on IR; (5) research in enrolled trials had to be permitted by relevant ethics committees. Studies were excluded if: (1) they were reviews or retrospective studies; (2) they could not meet data integrity; (3) they were unpublished or repeat-published studies.
Methodological quality
Based on the criteria of the Delphi list, the quality of all selected trials was evaluated by 2 reviewers independently [25] . The assessed components included: (1) whether the studies were described as randomized and the methods described for concealing the intervention assignment schedule from clinicians and participants until recruitment were complete and irrevocable (DL01); (2) whether the groups were similar at baseline concerning the indicators most important for prognosis (DL02); (3) whether the inclusion and exclusion criteria were operationalized (DL03); (4) whether the outcome assessors were blinded (DL04); (5) whether the therapist cares/providers were blinded (DL05); (6) whether the patients were blinded (DL06); (7) whether point estimates and measures of variability were presented for the measures of primary outcomes (DL07); (8) whether the analyses included intention-to-treat analyses (DL08).
Statistical analysis
We conducted all meta-analyses with Stata software, version 12.0 (Stata Corporation, College Station, Texas, USA). For continuous outcomes, the means and standard deviations were pooled to a standardized mean difference (SMD) and 95% confidence interval (CI) using a fixed-effects or randomeffects model, with the difference of degree of IR triggered by GCs in healthy individuals. Fisher's z test was performed for measuring the significance of pooled odds ratio (OR). We implemented heterogeneity test using Cochran's Q-statistics (Cochran, 1954) and quantified the influence of heterogeneity with I 2 =100% × (Q -DF)/Q [26] . A significant Q-statistic (P<0.05) indicated heterogeneity across studies, and the I 2 , whose values ranging between 0% and 100%, implied high estimates with higher values. When P<0.05 or I 2 >50%, a random-effects model was applied and, if not, a fixed-effects model was used. The sensitivity analysis was conducted via deleting studies with higher methodological heterogeneity. Further, the study publication bias was assessed through funnel plots and Egger's linear regression method to measure the reliability of original results [27] .
Results
Baseline characteristics of included studies
A total of 496 citations which studied the correlations between GCs and IR were initially retrieved, with 63 in Chinese and 433 in English. After excluding duplicates (n=208), animal-based subjects (n=143), letters, reviews, and meta-analysis (n=40), and unrelated topic (n=22), 83 full-text articles remained. Six English trials ultimately satisfied selection criteria after we excluded studies with no case-controls or that were not a cohort study (n=25), studies not relevant to GCs (n=24), studies unrelated to IR (n=22), and not enough information in studies (n=6). In total, 201 healthy individuals (105 in GC group and 96 in control group) were included in the 6 studies, which were published between 2002 and 2013 [14, [28] [29] [30] [31] [32] . Individuals in the control group were treated with placebo while individuals in the GC group received treatment with GCs. All included studies used the GC drugs dexamethasone or prednisolone. The Delphi list is shown in Figure 1 . Baseline characteristics of all included studies are shown in Table 1 . M -male; F -female; GC -glucocorticoids. 
Comparison of FPG levels
Heterogeneity existed across studies (I 2 =88.9%, P<0.001), and thus a random-effects model was used. The meta-analysis revealed that the FPG levels in GC group was evidently higher compared with the control group (SMD=2.65; 95%CI=1.42~3.88; P<0.001), suggesting that there was a significant difference between the 2 groups (Figure 2 ). The subgroup analysis based on intervention drug revealed that with prednisolone, the FPG levels in GC group was evidently higher compared with that in the control group (SMD=2.01; 95%CI=0.96~3.05; P<0.001). However, after using dexamethasone, compared with the control group, the FPG levels in GC group had no marked change (SMD=4.05; 95%CI=-1.33~9.43; P=0.140) (Figure 3) .
Comparison of FINS levels
There was heterogeneity among studies (I 2 =92.5%, P<0.001), and thus a random-effects model was applied. The results of present meta-analysis suggested that there was significant difference in the FINS levels between the 2 groups and FINS levels in GC group was significantly higher than in the control group (SMD=2.48; 95%CI=1.01~3.95; P=0.001) (Figure 2 ). Subgroup analysis by intervention drug indicated that, with prednisolone, the FINS levels was markedly higher compared with the control group (SMD=2.30; 95%CI=0.75~3.86; P=0.004), while with dexamethasone there was no significant change of FINS levels (SMD=2.84; 95%CI=-1.92~7.61; P=0.243) (Figure 3 ). 
Comparison of HOMA-IR levels
According to our analysis, heterogeneity existed among studies (I 2 =96.7%, P<0.001), and therefore a random-effects model was performed. This meta-analysis indicated that the HOMA-IR levels in GC group was distinctly higher than that in the control group (SMD=38.30; 95%CI=24.38~52.22; P<0.001); therefore, there was significant difference between the 2 groups ( Figure 2) . Subgroup analysis by intervention drug (Figure 3) showed that HOMA-IR levels in the prednisolone group were significantly higher than that in the control group (SMD=35.43; 95%CI=16.78~54.08; P<0.001); while after dexamethasone treatment, the HOMA-IR levels showed no change (SMD=81.61; 95%CI=-71.32~234.53; P=0.296). 
Sensitivity analysis and publication bias
Based on the sensitivity analysis, we found that the 4 included studies had no marked influence on the pooled SMD of FPG, FINS, and HOMA-IR levels. However, the CI values of the 2 articles published by van Raalte DH and Frazier B et al. exceeded the upper CI limit. The funnel plots of FPG showed symmetry, which indicated that there were no publication bias (P=0.083); while the funnel plots of FINS and HOMR-IR showed asymmetry, indicating for the presence of publication bias (both P<0.05) (Figure 4 ).
Discussion
GCs are the most frequently prescribed class of anti-inflammatory drugs in treatment of multiple chronic inflammatory diseases, but carry warnings about adverse effects, among which IR is the most common [6] . Nonetheless, there was also a study that failed to find a correlation between GCs and IR in human subcutaneous adipose tissue [24] . To explore whether there is a correlation between GCs and IR, we conducted this systematic meta-analysis.
The main result of this meta-analysis was that GCs use was associated with marked increases in FPG, FINS, and HOMA-IR levels, suggesting GCs use may correlate with IR. Homeostasis model assessment was first illustrated by Matthews et al., and was a method for evaluating IR; this model is based on the theory of a feedback loop between b cells and the liver [33] . HOMA-IR has been broadly used in multiple epidemiologic studies in assessment of IR because it can reflect IR more correctly than FINS levels alone [34] . The HOMA-IR level was significantly increased with the usage of GCs in our study, indicating that there might be association between GCs and IR. Our results showed that while the FINS level were elevated after the usage of GCs, the FPG level was instead increased, indicating use of GCs may have a profound IR effect, consistent with previous studies that showed IR was a predominant adverse effect of GCs [21, 22] . GCs can promote an increase in adiposity together with an increase in lipolysis, resulting in elevated free fatty acids (FFA) in circulation [35] . FFA in turn leads to the inhibition on the insulin secretion from pancreatic b cells through obstructing insulin signaling via the activation of serine-kinases and consequently induces the occurrence of IR [36] .
The subgroup analysis on the basis of intervention drug revealed that after using prednisolone, the FPG, FINS, and HOMA-IR levels were markedly increased, while there were no marked changes with dexamethasone. Prednisolone and dexamethasone are synthetic GCs that have been used in clinical medical practice because of their antiallergic, anti-inflammatory, and immunosuppressive functions [37] . Even though the synthetic GCs are widely applied in various pathological conditions, they also have adverse metabolic influences [38] . Based on this meta-analysis, there is a significant difference between the effects of prednisolone and dexamethasone, suggesting that dexamethasone might be a better clinical choice compared with prednisolone.
Some limitations exist in this meta-analysis. First, because there were few human studies that investigated the effects of GC on healthy individuals, we could only enroll 6 studies. Because of the small number of included studies and small sample size, there was publication bias that affected the results of this meta-analysis. For instance, the main result was that the FPG and FINS levels were significant elevated after receiving GCs, while no significant differences were observed in FPG and FINS levels after use of dexamethasone. This might be attributed to the small number of enrolled trials. Second, the research subjects were all whites, but no subjects were from Asian, African, or and mixed populations. The ethnicity factor may affect the final results because of the differences of diet, climate, and lifestyle. Therefore, our study is not representative of all ethnicities. Second, several included studies had no complete data on sex or age, which would also influence our results to some extent.
Conclusions
GCs use might result in elevated FPG, FINS, and HOMA-IR levels, and increase the risk of IR in healthy individuals.
